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Summary

Targeted therapy and immunotherapy have revolutionized cancer treatment. However, the ability
of cancer to evade the immune system remains a major barrier to effective treatment. Related

to this, several targeted DNA damage response inhibitors (DDRI) are being tested in the clinic

and have been shown to potentiate anti-tumor immune responses. Seminal studies have shown
that these agents are highly effective in a pan-cancer class of tumors with genetic defects in

key DNA repair genes such as BRCA1/2, BRCA-related genes, ATM, and others. Here, we
review the molecular consequences of targeted DDR inhibition, from tumor cell death to increased
engagement of the anti-tumor immune response. Additionally, we discuss mechanistic and clinical
rationale for pairing targeted DDRi with immunotherapy for enhanced tumor control. We also
review biomarkers for patient selection and promising new immunotherapy approaches poised to
form the foundation of next generation DDRi and immunotherapy combinations.

ETOC Blurb:

This review discusses the mechanisms of DNA damage response inhibition (DDRi) and how these
therapies are leveraged to potentiate immunotherapy in cancer. Additionally, we review clinically
relevant biomarkers for DDRI efficacy and promising new immunotherapy approaches which can
be combined with DDRI to potentially heighten antitumoral effect.
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Introduction:

Next generation sequencing studies have demonstrated that many cancers carry inactivating
mutations or deletions in DNA repair genes resulting in severely compromised DNA
repairl2, This loss of DNA repair functionality induces hyper dependence on remaining
repair mechanisms, creating unique therapeutic vulnerabilities that can be targeted clinically
3-5 To this end, several classes of targeted therapies have been developed to inhibit specific
DNA repair effectors demonstrating promise across multiple tumor types, particularly in
tumors with genetic alterations that inactivate DNA repair genes. While targeted DNA
damage response inhibitor (DDRi) strategies were designed to block DNA repair and
overwhelm cellular damage tolerance, additional data has shown that DDRi agents can

also stimulate anti-tumor immune responses. This has led to the development of DDRi-
immunotherapy combination strategies that enhance tumor control. In this review, we will
describe clinically relevant approaches for targeting tumors with defective DNA damage
responses, discuss strategies for pairing DDRi and immunotherapy, highlight biomarkers for
patient selection, and review promising next generation immunotherapy approaches that pair
with DDRi moving forward.

The DNA Repair Machinery: A Brief Overview

The cellular DNA damage response is a complex network composed of dozens of proteins
functioning across several pathways. This network is responsible for repairing a variety of
DNA lesions stemming from both cell-intrinsic and extrinsic sources. Generally speaking,
the DNA repair machinery regulates three processes: 1) damage correction, 2) replication-
based lesion bypass, and 3) damage recognition and checkpoint signaling.

Cells have evolved to incorporate repair mechanisms to facilitate efficient repair of specific
types of DNA damage. Single-strand base damage is corrected by base excision repair
(BER), nucleotide excision repair (NER), mismatch repair (MMR), and direct reversal
(DR) repair pathways. BER corrects DNA bases damaged by alkylation, deamination, and
oxidation®. NER coordinates repair of bulky base lesions formed by carcinogen exposure
(i.e. tobacco smoke), UV exposure, or certain chemotherapeutics /. The MMR pathway
senses and repairs mismatched nucleotides, as well as insertion and deletion loops 8. DR is
responsible for correcting O- and N-alkylated bases®.

Cells also employ specialized pathways for repairing interstrand crosslinks and double-
stranded DNA breaks. The Fanconi Anemia (FA) pathway repairs interstrand DNA
crosslinks, or lesions that covalently link DNA strands together during replicationl0.
Double-stranded DNA breaks are repaired by homologous recombination (HR), non-
homologous end-joining (NHEJ), or microhomology-mediated end-joining (MMEJ) or
alternative end-joining (alt-EJ) pathways1-13, Cell cycle state and repair context dictate
the use of these pathways!4. In GO or G1 cell cycle states, double-stranded breaks are
preferentially repaired by NHEJ. In S or G2 phases, double-stranded breaks are repaired by
HR, which requires the presence of the sister chromatid for faithful repair. Mechanistically,
expression of DNA resection enzymes, which are expressed during S and G2 phases,

also helps govern NHEJ and HR repair choices. Resected DNA ends are poor substrates
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for NHEJ repair, while they are required for HR. MMEJ represents a highly error-prone
mechanism for DSB repair. Microhomology sequences present near resected DNA ends are
used to anneal broken strands prior to fill-in synthesis and ligation, promoting insertions,
deletions, and chromosomal rearrangements 1115, MMEJ is often used when cells have an
inability to undergo faithful HR repair®.

The DNA repair machinery also coordinates replication-based lesion bypass, or translesion
synthesis (TLS). TLS helps safeguard DNA replication by preventing replication fork
stalling, fork collapse, and double-strand DNA break accumulation. When the replicative
machinery encounters a stall-inducing lesion, specialized DNA polymerases can be
employed to insert a nucleotide opposite of said lesion, extend the nascent DNA strand,

and continue replication®. While this pathway carries an increased risk of DNA sequence
mutation, its activity is preferred over the formation of deleterious double-strand DNA break
formation.

Lastly, the DNA repair machinery uses distinct pathways for damage recognition and
checkpoint signaling. Extensive research has revealed that different forms of DNA damage
activate distinct damage sensing pathways!’. Single-stranded DNA stretches, which are
generated by stalled replication forks or through DNA resection, activate the ATR-CHK1
pathway. Double-stranded DNA breaks can activate the ATM-CHK2 or DNA-PK pathways.
Following damage recognition, these pathways initiate signaling cascades that regulate DNA
repair effector activity, coordinate cell cycle arrest, protect stalled replication forks, and
control transcriptional responses!8. Collectively, these functions are essential for facilitating
accurate DNA repair.

Genetic Defects in the DNA Damage Response Create Unique Therapeutic

Vulnerabilities:

Accurate DNA repair is required for faithful and efficient DNA replication. Large
sequencing studies have revealed that tumors frequently carry inactivating genetic alterations
in key DNA repair genes?. Seminal studies have demonstrated that these inactivating
alterations can be inherited or acquired sporadically during tumor development19.20,

These genetic alterations severely compromise the function of impacted DNA repair
pathways resulting in increased damage accumulation, genome evolution, and cellular stress.
Importantly, these genetic defects also sensitize cells to selective inhibition of remaining
repair pathways. Below we review common DNA repair and DNA repair-related genes

that are inactivated across cancers. Additionally, we discuss how these genetic events

confer sensitivity to targeted DDRI agents. While several targeted DDRI agents have been
developed, our discussion will focus on those that have demonstrated greatest clinically
utility to date, such as PARP, ATR, and CHK1 inhibitors.

Genetic Defects Conferring Sensitivity to PARP Inhibition:

BRCA1 and BRCA2: The observation that tumors with DNA repair defects are sensitive
to targeted DDRI first gained traction following studies of cancer patients with germline
BRCAL or BRCA2 inactivating mutations. Patients with BRCAZL/2 mutations have a
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significantly increased risk for developing breast, ovarian, pancreatic, gallbladder, stomach,
skin, or prostate cancers during their lifetime21-25, This increased risk is due to the
essential roles that BRCA1 and BRCAZ2 play in regulating HR repair and replication

fork stability. BRCA1 plays a key role in promoting resection of double-stranded DNA
breaks, which promotes their faithful repair through HR26. BRCA2, meanwhile, helps load
RAD51 filaments onto resected DNA ends, promoting D-loop formation and completion
of HR repair. In addition to its role in HR repair, BRCA2 also helps stabilize stalled
replication forks by preventing MRE11 or DNA2-mediated resection?’. When inactivated,
loss of BRCA1 and/or BRCAZ2 severely compromises cellular capacity for HR. As a

result, BRCA deficient cells become reliant on error-prone double-strand break repair
mechanisms like NHEJ and MMEJ. Additionally, BRCAZ2 deficient cells experience
decreased replication fork stability and increased double-stranded break formation. This
increased double-stranded break formation and error-prone repair activity causes BRCA
deficient cells to accumulate distinct genomic scars marked by telomeric allelic imbalances
(NtAl), large scale transitions (LST, >10 Mb), and loss-of-heterozygosity events (HRD-
LOH, >15 Mb)?8. These alterations are referred to as markers of homologous recombination
deficiency (HRD). Additional studies have shown that BRCA genes are also frequently
dysregulated by promoter hypermethylation or homozygous deletions across cancers?.

Landmark studies discovered that BRCA deficient tumors can be successfully targeted
with Poly(ADP-ribose) polymerase (PARP) inhibitors; a distinct class of targeted DDRI
agents that block activity of PARP family members, primarily PARP1-42930, PARP1 is
an important mediator of single-stranded DNA break repair that is rapidly and efficiently
recruited to sites of single-stranded DNA breaks. Once bound to DNA, PARP1 transfers

a poly(ADP-ribose) group to itself using nicotinamide adenine dinucleotide (NAD+), in a
process called “PARylation”3L. This PARylation helps activate PARP1, stimulating further
PARylation of histones and target DNA repair proteins. Collectively, this PARylation
activity helps recruit many DDR effectors, allowing for effective repair of single-stranded
DNA breaks. While several different PARP inhibitors have been developed, they all function
by blocking catalytic activity of PARP, blocking PARylation and subsequent recruitment
of DNA repair effectors to sites of single-stranded DNA breaks32. This is significant as
unresolved single-stranded DNA breaks are processed to toxic double-stranded DNA breaks
during DNA replication. Additionally, blocking PARylation prevents the auto-PARylation
of PARP1 that is required to release PARP1 from DNA. As a result, inactivated PARP1
becomes persistently bound to DNA in a phenomenon referred to as “PARP-trapping”32.
This is important as protein-DNA crosslinks represent strong replication impediments that
promote double-strand break accumulation. This PARP inhibitor directed dual mechanism
of double-strand break formation is highly lethal to BRCA deficient cells that are
genetically predisposed to double-strand break formation. In these cells, BRCA loss and
PARP inhibition synergize to create substantial double-strand break accumulation. This
double-strand break accumulation, combined with dependence on toxic, error-prone repair
mechanisms, combine to overwhelm cellular damage tolerance and cause tumor cell death
(Figure 1).

The clinical benefit of PARP inhibition (PARPI) was first realized by treating relapsed
ovarian cancer patients harboring BRCA1/2 mutations. A 2014 tumor agnostic, multicenter,
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single-arm, basket trial treated individuals harboring germline BRCA1/2 mutations with
the olaparib (PARPI). The trial enrolled patients with platinum-resistant ovarian cancer and
demonstrated a progression free survival of 7 months in an otherwise recalcitrant disease34.
This led to olaparib’s approval in December of 2014, one month after the study was
published.

Since 2014, there have been four PARP inhibitors—olaparib, niraparib, rucaparib,
talazoparib—approved for the treatment of several cancers, typically in the context of
underlying BRCA mutations3>~42. Landmark trials have led to these PARPi approvals (Table
1) and more trials are currently underway testing the efficacy of PARPI in tumors with
dysregulated BRCA genes and/or increased HRD.

Despite a conserved mechanism of action, the ability of different PARP inhibitors to
promote PARP-trapping varies considerably. Talazoparib (the most potent PARP trapper)
demonstrates nanomolar cytotoxicity while veliparib, which has the least PARP trapping,
is not active at 100mM 32, Clinically, the maximum tolerated dose of these medications
mirrors their PARP-trapping capability. This realization has important clinical implications
and should be considered when studying combination treatments#3:44,

Acquired resistance mechanisms to PARPI are actively being evaluated, but three
mechanisms are generally implicated: 1. Drug target-related effects like upregulation of
efflux pumps or mutations in PARP genes. 2. Restoration of HR via a PARP-independent
mechanism. 3. Loss of DNA end-protection and/or restoration of replication fork stability4°.
Multiple models have demonstrated upregulation of the ABCB1 drug efflux transporter upon
development of PARPI resistance as a putative resistance mechanism. While the clinical
relevance of this finding is unclear, resistance to PARPI could be theoretically reversed

with the addition of an ABCB1 inhibitor%6. Since all PARPis target the catalytic domain

of PARP enzymes by competing with NAD+, resistance can arise from PARP mutations
that reduce PARPI affinity, preserve enzymatic activity despite PARPI binding, or result in
ineffective PARP trapping®’. As synthetic lethality depends on insufficient HR, cell survival
is facilitated by restoration of HR via BRCA-mediated (secondary activating mutations or
loss of promoter hypermethylation) or BRCA-independent mechanisms.

Mismatch Repair Deficiency (MMRd): Following the ground-breaking discovery that
BRCA inactivation sensitizes tumors to PARP inhibition, subsequent studies have searched
for other PARP inhibitor sensitizing genetic defects in the DNA repair machinery. These
efforts helped discover that tumors demonstrating mismatch repair deficiency (MMRd) are
sensitive to PARP inhibition?8. Several groups have showed that genetic defects in key
mismatch repair genes MLH1, PMS2, MSH2, and MSH6 all confer MMRd. Here, loss of
MSH2 or MSH6 prevents recognition of base-base mismatches and most insertion-deletion
loops, thus preventing MMR initialization and completion of MMR8:49. Functionally,
decreased MMR increases somatic mutation accumulation. MMRd also increases expansion
and contraction of microsatellite sequences in a phenomenon known as microsatellite
instability (MSI). These known impacts of MMRd did not immediately explain why MMRd
tumors are sensitive to PARP inhibition. Recent studies have uncovered that MLH1, PMS2,
MSH2, and MSHS also play key roles in repair of interstrand DNA crosslinks®. Koto et
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al. demonstrated that these proteins help recognize and repair interstrand DNA crosslinks
(ICLs) in a non-replication-based mechanism, distinguishing it from Fanconi-Anemia
mediated ICL repair. This discovery is significant as interstrand crosslinks are potent
inhibitors of DNA replication that induce double-strand break accumulation if not properly
repaired. Here, MMRd tumors are similar to BRCA deficient tumors where a genetic
defect predisposes them to double stranded DNA break accumulation. This predisposition
can thereby be exacerbated by PARP inhibition, which also forces double-stranded break
accumulation, ultimately promoting tumor cell death.

ERCC1: ERCC1 plays important roles in both nucleotide excision repair and interstrand
crosslink repair. For NER, ERCC1 forms a heterodimer with the endonuclease XPF

and controls 5” incision, the first major step of NER following damage verification’.

NER is the main cellular mechanism for repairing bulky DNA lesions that block DNA
replication. In the absence of timely repair, unrepaired bulky lesions promote replication
fork collapse and formation of double-stranded DNA breaks. ERCC1 loss also promotes
double-strand break formation through impaired interstrand crosslink repair. Studies have
shown that the ERCC1:XPF heterodimer is an important mediator of DNA incisions that
are crucial for repair of interstrand crosslinks 19. Much like BRCA deficiency and MMRd,
ERCC1 loss synergizes with PARP inhibition through toxic double-stranded DNA break
accumulation®1:52, This is significant as inactivating mutations in ERCC1 represent the most
frequent DDR defect in non-small cell lung cancer (NSCLC), occurring in 30%-50% of
cases 23,

DNA Repair-Related Genes: Recently, several studies have demonstrated that genetic
defects in DNA repair-related genes also sensitize tumors to targeted PARP inhibition. Two
prominent examples are discussed below.

PBRM1: Polybromo 1 (PBRM1) encodes the BAF180 protein and is a key member of the
SWI/SNF-B (PBAF) chromatin remodeling complex. PBRML1 is one of the most frequently
inactivated genes across cancers, highlighted by ~70% loss of expression in renal clear cell
carcinoma 4. In addition to its role in chromatin remodeling, PBRM1 plays an important
role in regulating transcriptional silencing in regions adjacent to double-stranded DNA
breaks®®. In the absence of efficient transcriptional silencing near double-stranded breaks,
cells accumulate transcription-replication conflicts, marked by R-loop accumulation, DNA
damage foci, and replication stress. Studies have demonstrated that increased transcription-
replication conflicts promote double-stranded break formation®®. Given this, it fits well that
PBRML1 inactivation has been shown to confer sensitivity to PARP inhibition. Here, PBRM1
inactivation increases development of double-strand break formation which is only further
magnified by PARP inhibition®’.

ARID1A: AT-Rich Domain 1A (ARID1A) is a key component of the SWI/SNF complex
and is also highly mutated across cancers. To this end, nearly 50% of endometrial

cancers as well as 30% of gastric and bladder cancers carry inactivating mutations

in ARID1A58:59 Beyond chromatin remodeling, ARID1A plays an important role in
facilitating DNA repair. Shen et al. found that ARID1A is recruited to double-strand break
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sites along with the DNA damage kinase ATR. At these sites, ARID1A plays a key role in
facilitating double-strand break resection and sustaining ATR activity®0. Importantly, both
end resection and ATR signaling are required for proper repair of double-strand breaks.
Thus, ARID1A deficiency decreases double-strand break repair. As with BRCA deficiency,
MMRd, ERCC1 inactivation, and PBRM1 loss, ARID1A deficiency sensitizes cells to PARP
inhibition through cumulative accumulation of intrinsic and therapeutically induced toxic
double-stranded DNA breaks. Early phase clinical trials in relapsed, ARID1A-deficient
gynecological cancers are testing the efficacy of PARP and ATR inhibitor combinations8?.

Genetic Alterations Sensitizing to Non-PARPi DDRi Strategies: The promise of
PARP inhibition has prompted the development of several other targeted DDRi agents,
including inhibitors blocking DNA damage signaling effectors ATR and CHK1. Below, we
discuss genetic alterations that predispose tumors to increased sensitivity to DDR inhibitors
targeting ATR or CHK1.

ATM Loss Sensitizes to ATRI: Ataxia Telangiectasia Mutated (ATM) is an essential
component of the cellular DNA damage sensing and checkpoint machinery. In replicating
cells, ATM is recruited to the sites of double-strand DNA breaks through interaction

with the MRE11-RAD50-NBS1 (MRN) complex52. Once bound, ATM helps catalyze

the DNA end resection activity of CtIP and MRE11, promoting resected end formation
required for HR. Studies have also shown that ATM helps facilitate HR repair completion
downstream of initial resection. Following activation, ATM also initiates a signaling
cascade, including CHK2 kinase activation, that helps coordinate cell cycle arrest and DNA
damage transcriptional responses. ATM is frequently dysregulated by inactivating mutations,
homozygous deletions, and genomic fusion events across tumor types resulting in decreased
HR-mediated double-strand break repair and cellular damage signaling!. ATM deficient
cells become increasingly reliant on other mechanisms to repair double-stranded breaks.
Furthermore, ATM deficient cells become hyper dependent on the ATR-CHK1 signaling
pathway. Several preclinical studies have demonstrated that targeted ATR inhibition
represents a unique therapeutic vulnerability in ATM deficient tumors, explained by further
loss of cell cycle checkpoint activity63:64, By blocking ATR signaling, ATM deficient cells
lose the last predominant cellular mechanism that coordinates cell cycle arrest and facilitates
DNA repair. Collectively, loss of cell cycle checkpoint activity promotes unscheduled

cell cycle entry into mitosis. Here, unrepaired DNA damage and under-replicated DNA
become substrates for chromosome missegregation and help promote mitotic catastrophe, or
damage-induced cell death during mitosis®®.

ERCC1 Loss Sensitizes to CHK1i: In addition to conferring PARP inhibitor sensitivity,
ERCCL1 loss also creates a unique vulnerability to CHK1 inhibition. CHK1 is a key
mediator of the cellular DNA damage response that is activated by ATR. Functionally,
CHK1 coordinates several essential cellular processes to allow cells to cope with increased
replication stress. These processes include coordination of cell cycle arrest, replication

fork stabilization, and suppression of replication origin firing. CHK1 coordinates cell

cycle arrest by directing phosphorylating members of the CDC25 family of phosphatases.
These CDC25 phosphatases promote cell cycle progression by removing inhibitory
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phosphorylation marks on cyclin dependent kinases (CDKSs), thereby increasing their
activity18. Once activated, CHK1 phosphorylates CDC25A, preventing CDK2:CCNE or
CDK2:CCNA activity required for S/G2 progression. Additionally, CHK1 phosphorylates
CDC25C to prevent CDK1:CCNBL activity and mitotic entry, allowing time for DNA
repair coordination prior to cell cycle progression. CHK1 also directly phosphorylates and
inactivates EXO1, the main exonuclease responsible for resection of stalled replication
forks. By inactivating EXO1, CHK1 promotes stalled fork stability and prevents double-
strand DNA break formation. In the context of ERCCL loss, cells have decreased capacity
for NER and interstrand crosslink repair resulting in replication stress and heightened
dependence on the ATR-CHKZ1 pathway. Much like with ATR inhibition in the context

of ATM deficiency, inhibition of CHKZ1 in cells with ERCC1 loss promotes double-strand
break accumulation, driving cancer cell death6.

Fanconi Anemia (FA) Loss Sensitizes to ATRi and CHKL1i: As with ERCC1 loss,
loss of various FA pathway members sensitizes cells to CHK1 inhibition. The FA pathway
is responsible for repair of interstrand DNA crosslinks encountered during replication.
Additionally, studies have shown that the FA pathway is essential for resolving transcription-
replication conflicts at sites of replication stress6”. Despite this essentiality, various FA
pathway members are inactivated by mutation or deep deletions across bladder, ovarian,
breast, skin, uterine, head and neck, prostate, pancreatic, and colorectal cancers®. Of these
members, FANCA, FANCB, FANCC, FANCDZ, FANCE, FANCG, FANCI, FANCL, and
FANCP/SL X4 are the most commonly inactivated effectors®8, Loss of these genes impairs
interstrand crosslink recognition and repair as well as R-loop resolution. This loss of
function is significant as unresolved interstrand crosslinks and R-loops stall the replicative
machinery, increasing replication stress. Under these conditions, cells with an impaired FA
pathway are hyper dependent on the ATR-CHK1 pathway to coordinate cell cycle arrest
and replication fork stability. Studies have demonstrated that CHK1 inhibition is lethal

to cells with impaired FA89, By impairing CHK1 activity, FA deficient cells accumulate
chromosomal breaks, unresolved DNA damage, and undergo widespread cell death.

While PARPI is currently the only widely adopted DDRI strategy in the clinic, there are
several clinical trials underway evaluating other DDR inhibitors, many of which target
ATR or CHK179, Early phase trials evaluating ATR inhibitors have been conducted as
monotherapy and in conjunction with chemotherapy, DDRI, and immunotherapy across
many solid tumor contexts including melanoma, NSCLC, ovarian, and solid-tumor basket
trials. These trials demonstrated an acceptable tolerability with predominantly hematologic
side effects from bone marrow toxicity. Response rates were modest and favored patients
with genomic alterations like BRCA mutations, other DNA repair defects, and elevated
tumor mutational burden (TMB)71-74, Several CHK1 monotherapy trials have been
conducted with little success, likely due to inadequate patient selection as these trials did not
necessitate existing susceptibilities to DDRi and were evaluated in the treatment refractory
setting. CHK1 monotherapy demonstrated high levels (frequently above 70%) of grade 4
neutropenia which warrants particularly thoughtful patient selection in future studies’=7".
Moving forward, defining the underlying causes of DDRI sensitivity will be required to
extend benefit of these agents to new cohorts of patients in the clinic.
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DDRIi Promotes an Anti-Tumor Immune Response:

In addition to tumor intrinsic effects, targeted DDRi has been shown to stimulate anti-tumor
immune responses. This increased immune system engagement occurs from both dying

and surviving cancer cell populations treated with DDRI through distinct mechanisms.
Mechanisms of DDRi-directed immune engagement are discussed below.

Cancer Cell Death: Danger Associated Molecular Patterns (DAMPs) and Neoantigen
Presentation Awaken the Immune System:

As outlined above, targeted DDRi induces cancer cell death by overwhelming or disarming
key DNA repair pathways, but also provides an avenue for stimulating anti-tumor immune
responses (Figure 2). Much research has shown that cancer cell death can occur through
“programmed” or “immunogenic” death mechanisms’8. Traditionally, apoptosis has been
classified as a “programmed” or non-immunogenic cell death mechanism. This is largely
because cell membrane integrity is maintained during apoptosis, whereas cell membrane
rupture is a defining feature of immunogenic cell death mechanisms like necroptosis

and pyroptosis. This is significant as cell membrane rupture releases DAMPs and
neoantigens into the tumor microenvironment. DAMPs—such as calreticulin, ATP, and
HMGB1—are taken up by tissue-resident dendritic cells, stimulating their activity and
maturation, ultimately promoting neoantigen processing and presentation’®. This neoantigen
presentation activity is essential for generating tumor specific CD4 and CD8 T-cell
responses, which are ultimately required for durable anti-tumor immune control. Dendritic
cells are also capable of presenting tumor-specific neoantigens following phagocytosis of
apoptotic tumor cells80. Thus, DDRI directed cancer cell death plays an essential role in
potentiating anti-tumor adaptive immune responses.

CGAS-STING Activation and Type | Interferon Responses:

Targeted DDRI also increases immune system engagement by activating cGAS-STING
signaling in surviving cancer cells (Figure 3). The cGAS-STING pathway originally

evolved as a mechanism for helping mammalian cells detect viral infection through

sensing of cytosolic DNA, as the cytosol is a DNA-free compartment in non-diseased

states. CGAS-STING signaling is initiated following binding of dsDNA by cyclic-GMP-
AMP synthase (cGAS) (Figure 4). Once activated, cGAS catalyzes the conversion of

ATP and GTP into 2’,3’-cyclic GMP-AMP (cGAMP)81, CGAMP functions as a second
messenger to activate the Stimulator of Interferon Genes (STING) protein located in the
endoplasmic reticulum (ER)82:83, Upon activation, STING then migrates to the ER-Golgi
intermediate compartments where it recruits TANK Binding Kinase 1 (TBK1), a serine/
threonine kinase that phosphorylates Interferon Regulatory Factor 3 (IRF3)84-86, |RF3
in-turn localizes to the nucleus where it mediates the expression and secretion of type

1 interferons. STING also stimulates IKK-alpha/beta, triggering transcriptional activation

of Nuclear Factor Kappa-light-chain Enhancer of Activated B cells (NF-kB) which also
mediates transcription of interferons (IFN) and interleukin-687. Once secreted into the
microenvironment, these cytokines help activate tissue-resident dendritic cells and ultimately
promote the generation of CD4 and CD8-mediated immune responses (Figure 3, Figure 4A).
In addition to this direct activation, cGAMP generated by tumoral cGAS can diffuse into
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the microenvironment where it acts as a second messenger for neighboring myeloid and
lymphoid populations, further stimulating interferon production88:89,

Mechanistically, DDRi activates CGAS-STING signaling through double-stranded DNA
break generation (Figure 3). Repair of double-stranded DNA breaks often involves resection
which produces small DNA fragments that accumulate in the cytosol, where they are bound
by cGAS and activate cGAS-STING signaling®. Additionally, error-prone repair of double-
stranded DNA breaks can cause chromosomal missegregation and micronuclei formation.
Micronuclei can then rupture, introducing tumor DNA into the cytosol, promoting cGAS
activation87-91, Studies have demonstrated that cGAS can enter micronuclei and initiate
cGAS-STING signaling even in the absence of micronuclei rupture 83. DDRi forces
surviving cancer cells to generate these second messengers responsible for recruiting
adaptive anti-tumor immune responses.

DNA Damage Induces NKG2D Ligand Display for NK Cell Recognition:

Lastly, seminal studies have demonstrated that DNA damage accumulation promotes anti-
tumor NK cell responses by inducing tumor cell display of NKG2D ligands MICA, MICB,
and ULBP4/RAETI (Figure 4B) 92. When present, these ligands bind the NKG2D receptor
present on NK cells and promote tumor recognition and NK-mediated cytotoxicity93:94,
Interestingly, studies have shown that cGAS-STING pathway signaling downstream of DNA
damage accumulation is required for NKG2D ligand display®®. These data demonstrate that
DDRI directed DNA damage accumulation engages both the innate immune response (NK
cells) and the adaptive immune response (T-cells) to further potentiate anti-tumor immune
responses.

Two is Better Than One: Leveraging DDR Deficiencies to Potentiate

Immunotherapy Responses

The observation that DNA damage accumulation, produced by genetic DDR compromise
or targeted DDRI therapy, results in increased IFN signaling responses invites the

question: does DDRi demonstrate synergy when combined with immune-mediated therapy?
Below we discuss data from pre-clinical studies and clinical trials supporting DDRi and
immunotherapy combination strategies.

Preclinical Data Leveraging DDR Deficiencies and 10:

Many groups have studied how DDRi-mediated DNA damage accumulation and cGAS-
STING activation synergize with immunotherapy in preclinical models. BRCA mutations
were the first highly studied genetic predisposition to immunotherapy. Acutely after BRCA2
knockdown in ovarian cancer cell lines, genes related to cell cycle progression, DNA
replication, and DNA repair are downregulated, supporting cell cycle arrest in G1 of the

cell cycle. However, several weeks after BRCA2 knockdown the cells upregulate interferon-
stimulated genes and the cGAS-STING-STAT pathway becomes activated. Patient data from
TCGA corroborated this association between BRCAZ2 deficiencies and increased immune
response genes using MRNA expression®6. This mechanism was also shown in breast cancer
syngeneic immunocompetent mouse models. Niraparib-responsive BRCA-deficient tumors
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were treated with niraparib and exhibited increased RNA expression of immune-related
genes like the inflammatory response, TNFA signaling, interferon gamma, and interferon
alpha. These genetic signatures correlated with increased tumor infiltrating lymphocytes
(TILS). This prompted evaluation of combination PARPi-PD-L1 treatment in humanized
mouse models harboring BRCA-deficient tumors, which did indeed demonstrate synergistic
killing®’.

It was initially demonstrated in BRCA-deficient, triple-negative breast cancer (TNBC;
breast cancer cells lacking the estrogen, progesterone, and HER2 receptors), that the PARP
inhibitor olaparib induced CD8+ T-cell infiltration and activation in vivo, supporting T-cell
activation as a predominant mechanism of cytotoxicity. CRISPR mediated knockout of
STING prevented olaparib-induced proinflammatory signaling and the associated T-cell
infiltration. Modulation of the T-cell response by treating immunodeficient SCID mice with
PARPI or treating immunocompetent mice with anti-CD8 antibodies in combination with
PARPI, significantly reduced median survival when compared to immunocompetent PARPi
monotherapy28.

DDRI-10 synergy was also demonstrated in BRCA-deficient ovarian cancers treated with
olaparib and PD-L1 inhibition which demonstrated significant synergistic cytotoxic effect
through innate and adaptive immune responses. The impressive response observed in
BRCA-deficient ovarian cancer treated with olaparib was abrogated when such cells were
orthotopically injected into STING deficient mice as compared to wild-type®. Further work
was done evaluating PARPI in colorectal and ovarian tumors confirmed to have no mutations
in genes involved in the HR repair pathway. Syngeneic immunocompetent colon and ovarian
cell line-derived mouse models were treated with PARPI in athymic (immunodeficient) or
thymus intact C57BL/6 mice. PARP inhibition had no effect on overall survival in athymic
mice but demonstrated a significant improvement in immunocompetent mice. Further work
with in the same syngeneic model demonstrated that neither PARPI, anti-PD-L1, or the
combination had any effect on tumor volume in athymic mice, but all showed decreased
tumor size in the immunocompetent model, with the combination of PARPi and anti-PD-L1
therapy showing significant synergy29. Collectively, these data strongly support that an
intact immune system is necessary for a PARP-mediated antitumoral effect.

Landmark Clinical Data Leveraging Immunotherapy in DDR Deficient Tumors:

The precedent for combining DDRi and immunotherapy in the clinic was set years

prior to the first PARP inhibitor trials with the cytotoxic T-lymphocyte-associated antigen
4 (CTLA-4) antibody ipilimumab. Ipiliumab became FDA approved in 2011 following

a landmark study demonstrating that previously treated metastatic melanoma patients
receiving ipilimumab had a 23.5% 2-year survival compared to 13.7% among those who
received a cancer-associated peptide vaccinel9, This trial also reported a remarkable
complete response in 6% of patients with a median duration of response of at least 59
months at 7-year follow-upl92, Melanoma represents the solid tumor with the highest rate
of TMB, due to related UV damage from sun exposure, which sensitizes these cancers

to immunotherapy. The discovery that CTLA-4 inhibition produces cures in a universally
fatal malignancy prompted the awarding of a Nobel Prize to Drs. James Allison and
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Tasuko Honju, and a paradigm shift toward developing immune checkpoint blockade (ICB)
strategies across all malignancies.

CTLA-4 inhibition was quickly followed by additional ICB strategies like programmed
death-1 (PD-1, on T-cells) and PD-1 ligand (PD-L1, on antigen-presenting cells) targeting
monoclonal antibodies. Upon PD-1 activation, CD8+ T cells demonstrate reduced
proliferation and decreased interleukin and interferon-gamma secretion103-104. Upregulation
of PD-L1 is commonly seen as an immune-surveillance escape mechanism among many
tumor types. Inhibition of PD-1 and its ligand has been a widely successful strategy in
promoting immune-mediated tumoral Killing. This was first successfully exploited in the
Keynote 001 study using the anti-PD-L1 antibody pembrolizumab against three groups of
previously treated tumor types: metastatic melanomas, NSCLC, and other solid tumors.

The melanoma data was the first to publish, demonstrating stable or improved disease in
over half of the patients treated, despite these patients having progressed on ipilimumab.
The median survival at 18 months was not reached at any dose evaluated in the study10®,
Updated data from the Keynote 001 trial demonstrated a 5-year OS of 34% with an observed
plateau suggestive of long-term benefit and possibly cure, at 48 months of treatment196, The
metastatic NSCLC arm data was published shortly thereafter demonstrating the scope of
this strategy, but also the importance of PD-L1 as a predictive biomarker in certain cancer
histology types. Median survival was not reached at 28 months among patients with >50%
PD-L1 proportion score but was just over eight months among those with PD-L1 proportion
scores of 1-49%. 5-year OS data exceeded 25% among patients with a PD-L1 proportion
score 0f=50%107.

While ICB represents an overwhelming success among a subset of patients with cancer,
many do not derive benefit. One important study supporting the connection between
mutational burden and subsequent immune activation was Keynote-158. Published in 2020,
this was the first tissue-agnostic trial to exclusively enroll both microsatellite instable
(MSI-High) and MMRd tumors to be treated with ICB via the PD-1 targeting antibody
pembrolizumab. In this study, endometrial cancer demonstrated an impressive overall
response rate of 57.1% with 8/49 participated obtaining a complete response. In contrast,
patients with brain or pancreatic tumors had ORR of 0% and 2.1% respectively, despite
also having microsatellite instability (MSI) or MMRd. Those who responded in the trial
frequently demonstrated durable responses, with the median duration of response not
reached after two years108. These variable response rates further demonstrate that no single
biomarker has been universally predictive of response across tumor types.

The maximum therapeutic potential of biomarker-directed treatment is only realized under
the ideal patient selection criteria. A recent study evaluating twelve patients with MMRd,
locally advanced, rectal adenocarcinoma treated with single-agent anti-PD-1 therapy
demonstrated this. Immunotherapy was intended to be followed by standard of care
chemoradiotherapy and surgery. However, every patient in the trial demonstrated a clinical
complete response after the immunotherapy, so none required additional chemotherapy,
radiation, or surgery10°. The standard of care treatment for these tumors frequently
requires a highly morbid operation resulting in a permanent ostomy bag. A paradigm shift
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toward patients not even requiring chemotherapy or radiation has appropriately generated
excitement sounding through the echo chambers of the lay media.

Immune-mediated strategies are nothing short of miraculous for certain patient subgroups
but dramatic variability in treatment responsiveness is seen across and within tumor types.
I0-associated benefit has led to improved overall mortality in cancers like NSCLC, which
were previously driven by varying rates of tobacco use!19. A cross-sectional analysis from
2011 to 2018 of publicly available data from the American Cancer Society and FDA
approved indications for drug use evaluated checkpoint inhibitor indications and expected
response rates. Six checkpoint inhibitor drugs were approved over this time period resulting
in an increase in patient eligibility for ICB from 1.54% to 43.6%; however, the percentage
of patients estimated to respond only increased from 0.14% to only 12.5% across all
indications. It is unlikely that all patients eligible for ICB received ICB, so the percentage of
patients who derived benefit from ICB over that time period was likely lower11,

Combination DDRI Strategies:

Borrowing lessons learned from kinase inhibition, investigators have attempted to
simultaneously inhibit multiple DDR proteins to maximize benefit. An early phase trial
evaluating an ATRi-PARPI combination in advanced DDR-deficient cancers yielded only an
8.3% response rate, but two patients harboring ATM mutations had complete responses with
myelosuppression-related dose reductions was seen in 20% of patients'12. The ATRi-PARPi
combination was further evaluated in the CAPRI trail which included 12 patients evaluable
for response (three with BRCA mutations). There were no objective responses in these
platinum-resistant patients, but stable disease was achieved in 9/12 patients. Benefit was
still driven by BRCA mutation status with a median PFS of 8.2 and 4.2 months for BRCA
mutant vs wildtype tumors respectively113,

PARPi-CHK1i combination therapy was evaluated in twenty-nine PARPI refractory, BRCA-
mutant, predominantly high-grade serous ovarian cancer or fallopian tube cancer patients.
The study included a 7-day olaparib alone lead-in to avoid profound myelosuppression as
prexasertib (CHK1i) monotherapy previously demonstrated a 73.3% rate of neutropenia
and anemia. The trial was designed with prexasertib dose-escalation but was limited to the
initial dose due to prolonged grade 4 neutropenia. Continuous olaparib dosing was also
transitioned to intermittent dosing due to toxicity. Grade 4 neutropenia was seen in 20/29
patients, with similar rates of less severe anemia and thrombocytopenia. Of the BRCA+
ovarian or fallopian tube patients, 10/18 remained on study for 4+ cycles, 4/18 achieved a
PR, and three patients enjoyed PRs for greater than nine cycles'14 These studies demonstrate
the potential benefits and toxicities while highlighting the importance of strict enrollment
criteria when investigating combination DDRi treatment strategies.

Complementary DDRI strategies may promote even greater cGAS/STING activation and
further potential 1CB efficacy. This principle was supported by the results of a genome-
wide CRISPR-CAS9 KO screen applied to PRE1-hTERT cells subsequently treated with
combination ATRi/PARPi. RNASEH2B, an RNAse which functions to degrade the RNA
associated with RNA:DNA hybrids, was identified as a top hit. This corroborated previous
studies describing PARPi and ATRi sensitivity in RNAse H2-deficient cells producing
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elevated level of DNA damage and loss of RNASEH2 demonstrating synthetic lethality
with ATR inhibitors15.116,

Extending DDR/IO Benefit Beyond DDR Inactivating Genetic Alterations:

While many associate PARPI efficacy with predisposing BRCA deficiencies, it is well
characterized that BRCA-proficient tumors may also be targeted in this way. Ovarian and
colon syngeneic mouse models have demonstrated sensitivity to PARPi without known HR
repair pathway deficiencies. PARPi-mediated increases in cytosolic DNA activated cGAS/
STING to promote a type | interferon response in the absence of the traditional synthetic
lethal context. This effect was not observed in an immunodeficient system harboring the
same xenograft, suggesting the necessity of an intact immune system for PARPI efficacy.
Anti-PD-L1 therapy further potentiated the effect of PARPI in the immune-intact system
yielding longer survival times and decreased tumor growth. The PARPi-1O combination
yielded greater CCLS5 levels, CXCL10 levels, p-IRF3 and STING expression, and ultimately
greater CD8+ T-cell infiltration, further supporting immune-mediated cytotoxicity in this
model100,

Our group and others discovered that CHK1 and PARP inhibitors induce genomic instability
and increase the generation of micronuclei, a potent activator of the cGAS-STING pathway,
in small-cell lung cancer (SCLC) cell lines. DDRI universally and significantly increased
T-cell infiltration and abrogated T-cell exhaustion in vivo, despite increasing PD-L1
expression. After treating with CHK1i-anti-PD-L1 combination therapy, immunocompetent
SCLC mouse models yielded 6/10 complete responses compared to no response with IBC
alonel’. This is consistent with the poor response seen clinically with ICB in SCLC. Our
group observed similar results with PARPi-ICB combination therapy. DDRI-10 also shows
promise across other tissue types. Immunocompetent C57BL/6 mice harboring bladder,
colon, or pancreatic flank tumors treated with CHK1i-anti-PD-L1 therapy demonstrated
tumor growth inhibition greater than either agent given alone!18. Similar results were

seen with syngeneic prostate cancer models treated with combination ATR-anti-PD-L1;
with single agents demonstrating modest effects but combination treatment producing near
complete responses!1®.

A phase-2 trial (N=20) evaluated the durvalumab-olaparib combination in previously treated
ES-SCLC patients. Most had progressive disease (12/19 evaluable patients), but four patients
achieved stable disease and one had a CR. Grade 3 or higher side effects were seen in 9/20
patients, predominantly lymphopenia. Pre-treatment tumor analysis identified that PD-L1
was required, but not sufficient, to generate a pre-treatment inflamed-phenotype. Conversely,
none of the PD-L1 negative tumors had pre-treatment tumor infiltrating lymphocytes (TILs).
Post-treatment biopsies demonstrated that responding tumors had dense TILs with increased
PD-L1 expression. Non-responding tumors lacked PD-L1 and displayed minimal or no
TILs. These data support the observation that immunologically “cold” tumors, like SCLC,
may respond to T-cell mediated cytotoxicity under the appropriate microenvironmental
conditions!20, These data may be confounded by treatment resistance obtained during prior
chemotherapy or prior PARPi administration. DDRi+IO therapy shows promise, even in
highly recalcitrant tumors where any benefit warrants further investigation. Future studies
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will require careful patient selection, further emphasis on the timing of treatment, and
intentional evaluation of potential resistance mechanisms.

One strategy to maximize short-term ICB benefit is to evaluate efficacy in the neoadjuvant
setting (given before surgery) by evaluating surgical outcomes. The phase-I1 I-SPY?2 trial
included a comparison of neoadjuvant durvalumab (anti-PDL1), olaparib (PARPI), and
paclitaxel (DOP) vs a paclitaxel-alone control group in patients with HER-2 negative breast
cancer?l, The population that received the DOP regimen had higher rates of pathologic
complete responses (pCR) compared to chemotherapy alone group across all breast cancer
subtypes, with TNBC increasing from 27% to 47%. Despite patients receiving the DOP
combination experiencing increased rates of grade 3—4 neutropenia compared to paclitaxel
alone (12.3% vs 9%), rates of early discontinuation were similar across intervention and
control arms. Furthermore, 0% of the DOP group demonstrated progression/lack of response
before surgery compared to 11% in the control group. These results were similar to prior
trials evaluating ICB-chemotherapy neoadjuvant combinations lacking DDRi, suggesting
DNA damage accumulation is the primary driver of clinical benefit in this setting. Predictive
biomarker analysis using a 13-gene panel, 10 of which representing immune signatures,
demonstrated a positive relationship between gene expression and pCR in both arms, while
the DNA repair deficiency (PARPi7) and mitotic signatures correlated positively with pCR
only in the DOP arm122, Determining whether chemotherapy can be de-escalated in the
setting of ICB-DDRi without sacrificing efficacy is an area of great and growing interest.

The MEDIOLA single-arm basket trial evaluated the durvalumab-olaparib combination
across multiple tumor types including BRCA-mutated metastatic breast cancer, metastatic
ovarian cancer, metastatic gastric cancer, and relapsed SCLC. To-date, the breast cancer
cohort (N=34) is the only group published and demonstrates grade 3 or worse toxicity

in 32% of patients with anemia (12%), neutropenia (9%), and pancreatitis (6%) being

the most common. Notably, 24/30 patients eligible for drug-activity analysis had disease
control at 12 weeks, suggesting further studies are warranted. RNA-seq analysis using
patient samples from this trial identified that olaparib treatment increased STING and
IFN-1 pathway activity in 5/6 patients analyzed, and the patient who did not have elevated
STING/IFN-1 pathway activity progressed quickly. The JAK-STAT pathway showed
parallel modulation following olaparib treatment further suggesting pathway activation

is a resistance mechanism to immune cell-mediated therapies'23:124, This group also
evaluated the olaparib-ICB combination in BRCA-deficient syngeneic mouse models. The
combination not only demonstrated significant synergy, but also promoted the development
immune memory cells. Combination treatment yielded more CRs (5/30 with 10 alone

vs 19/30 with PARPI-10), and mice with CRs were then re-challenged with tumor cell
implantation. All re-challenged animals showed initial tumor growth followed by complete
and durable tumor rejection without additional treatments12®,

DDRIi side effects are generally tolerable; however, DDRi-associated lymphopenia
predisposes patients to potentially life-threatening infections and white blood cell counts
must be monitored while on therapy. T-cells undergo rigorous selection in the thymus,

both positive (confirming they function) and negative (to prevent auto-immunity). This
delicate process is susceptible to external perturbations, including PARPI, as thymocytes are
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dependent on PARP-2 function for normal development126, Models of individual PARP-1
or PARP-2 deficiency do not dramatically change peripheral T-cell numbers, but dual
deficiency causes dramatic decrease in CD4+ and CD8+ T-cells, likely due to synthetic
lethality. T-cells are susceptible to this insult as they proliferate in response to antigenic
stimulil?”. Patients treated with PARP inhibitors frequently harbor DDRI sensitizing
germline mutations which also predisposes to toxicity.

CAR-Ts, TCR-Ts, and BIiTEs: New Immunotherapy Strategies May Synergize

with DDRi

Newer strategies to directly target tumor cell surface proteins using Bi-specific T-Cell
Engager compounds (BiTEs) and cellular therapy approaches show significant promise
(Figure 5). Most cellular therapies fall within two categories: Chimeric antigen receptor
T-cells (CAR)-Ts and T-cell receptor engineered cells (TCR)-Ts. BiTE compounds serve
as a highly specific T-cell honing mechanism, bringing together T-cells with cancer cells.
They are composed of two antibody single chain variable fragments, one directed toward
an antigen and the other toward a T-cell surface protein (typically CD3), connected

by a linker protein128, Blinatumumab, a BiTE colocalizing CD19+ B-cells and CD3+
T-cells, has demonstrated remarkable efficacy in targeting B-cell leukemias/lymphomas
resulting in FDA approval in 2018129, To date, there have been no subsequent BiTE
approvals, suggesting that further optimization of this immunologic strategy may be needed.
Areas of potential improvement include improved target selection, BiTE engineering, or
combinations with ICB, STING pathway agonism, tumor-directed radiation, or other novel
immune infiltration strategies. It should be noted that cellular therapies are also particularly
efficacious in leukemias/lymphomas. An overall response rate of 71% has been estimated
across hematologic malignancies treated with engineered T-cell therapies as compared to
26% across solid tumors. As approximately 90% of cancer-related mortality is driven by
solid tumors, improving this discrepancy is critical to improving cancer outcomes?30,

Data supporting methods to potentiate cellular therapy is limited but do support DDRi or
direct STING pathway agonism. Combining PARPi with anti-CD70 CAR T-cell therapy
yielded 100% complete responses in mouse renal cell carcinoma (RCC) xenografts
compared to 60% complete responses when treating with the CAR T-cell therapy alone.
The combination PARPi-CAR-T yielded higher serum levels of interferons and CAR T-cell
infiltration than either treatment alone; a cytokine effect that was abrogated with sShRNA KO
of STING in the RCC cells. Interestingly, CAR T-cells remained in circulation 15 days post
combination PARPi-CAR T-cell treatment but were absent in the CART-cell alone group?3Z.
Similar work was done evaluating EGFR-targeting B57BL/6 mouse-derived CAR T-cells

in EGFR+ breast cancer cells in vivo. Tumors treated with PARPi-CAR T-cell therapy
resulted in significantly decreased tumor volumes, greater tumor infiltration of CAR T-cells,
CDA4+, and CD8+ cells, and higher CAR T-cell DNA copy-number in residual tumors

after 10 days, as compared to PARPi or CAR T-cell therapy alone. PARPI also decreased
recruitment of myeloid-derived suppressor cells, possibly through downregulation of the
SDF1alpha/CXCR4 axis'32. Neither of these studies reported severe toxicities associated
with the combination, consistent with their non-overlapping toxicity profiles.
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STINGa-CAR T-cell co-treatment is another area of novel development. Immunocompetent
syngeneic mice with breast cancer treated with combination STINGa-CAR T-cell
demonstrated decreased myeloid-derived suppressor cells, increased T-cell infiltration,

an increase in immune-potentiating M1-like macrophages, and a decreased in
immunosuppressive M2-like macrophage infiltration, as compared to single agent treatment.
The addition of STINGa was also associated with increased persisting CAR T-cells at 7
days post treatment. Tumor growth was significantly reduced, and survival significantly
improved with combination therapy compared to either treatment alone33. This mechanism
is contracted by other models, including a BRCA1 deficient breast cancer syngeneic

mouse model, which demonstrated that tumor-associated macrophages (TAMS) blunt PARPi
efficacy in vivo and in vitro via pro-tumor polarization of TAMS, suppression of DNA
damage, and impairment of STING-dependent anti-tumor immunity34, These data suggest
that STING-mediated promotion of immune infiltration, by DDRi or STINGa, serves as a
promising avenue of additional investigation to potentiate cellular therapies, but additional
histology-specific studies are needed.

Emerging Biomarkers for DDRi/IO Combinations: SLFN11, “POLEness,”
and STK11

SLFN11:

There are several immune-related factors that positively correlate with ICB sensitivity. Those
most widely studied include PD-L1 expression, gamma-interferon expression, MMRd, T-cell
receptor diversity, neoantigen load, and TMB13%136_ These factors contribute to enhanced
novel peptide detection and subsequent immune cell activation in response to malignancy
associated genomic alterations, but do not universally correlate with enhanced ICB activity.
TMB has generated significant interest across tumor types as an independent determinant of
10 efficacy with a 117 trial meta-analysis finding significantly increased response rates in
TMB-high tumors (n=12,450) treated with ICB as compared to TMB-low!37. However, this
association only holds true for certain cancers—namely those in which neoantigen load and
CD8+ T-cell infiltration is positively correlated like melanoma, lung, and bladder cancers.
Breast cancer, prostate cancer, and glioma do not demonstrate improved ICB responses with
increasing TMB, demonstrating that additional markers of response are needed!38.

Schlafen-11 (SLFN11; in German Schlafen means “sleeping”) has been identified as an
important mediator of cellular fate and the immune-response when DNA-damage is present.
While the ATR/CHK1 pathway works to bind damaged DNA-associated replication protein
A (RPA), as a means of promoting DNA repair, SLFN11 binds to RPA and promotes cellular
death®39. Once bound to the stalled replication fork’s RPA tag, SLFN11 interacts with

the replicative helicases minichromosome maintenance complex component 3 (MCM3) and
DExH-box helicase 9 (DHX9). Upon binding, SLFN11 inhibits replication fork progression
by opening chromatin ahead of the replication initiation sites, thus preventing replication
fork progression and promoting cellular death. In the absence of SLFN11, stalled replication
fork RPA will undergo DNA-repair via ATR/CHK1140, In addition to acting as a master
determinant of DNA-damage-associated cellular fate, SLFN11 has been identified as one of
the interferon (IFN)-stimulated genes promoting innate and adaptive immunity241,
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Cell line and PDX models across multiple tumor types have demonstrated that SLFN11
expression predicts sensitivity to many conventional DNA-damaging agents (platinum
agents, topoisomerase inhibitors, alkylating agents, and antimetabolites) and PARP
inhibitors. SLFN11 also predicts treatment response across multiple tumor types, including
hepatocellular carcinoma, colorectal cancer, breast cancer, and prostate cancer. High
SLFN11 strongly correlates with improved response from DNA-damaging agents and

PARP inhibitors, and is associated with increased TI1Ls42-146, The ongoing SW0OG1929
trial was subsequently opened to prospectively evaluate SLFN11 as a predictive marker
conferring benefit of maintenance DDRI with standard of care maintenance immunotherapy.
ES-SCLC patients whose tumors are positive for SLFN11 on IHC are randomized to receive
maintenance atezolizumab alone per standard of care, or atezolizumab with the PARPI
talazoparib.

Clinical associations between SLFN11 expression and improved overall treatment response
have also been demonstrated in hepatocellular carcinoma, colorectal cancer, breast cancer,
and prostate cancer. SLFN11 expression is predictive of treatment responses in these
contexts, but typically is not independently prognostic of outcomel47-149 A notable
exception is that high SLFN11 was as an independent prognostic factor in patients with
localized esophageal cancer treated with curative chemoradiation. However, overall numbers
were low (N=73) and additional studies are needed!®C. In addition to tumor IHC staining

for SLFN11, blood-based markers like cfDNA methylation and circulating tumor cell (CTC)
analysis are actively being evaluated1®1,

”"POLEnNess:”

Despite tremendous advancements in DNA sequencing techniques, there has been a paucity
of genomic markers of ICB efficacy until recently. It has been known that MMRd

tumors demonstrate increased sensitivity to 10-based treatments but specific genomic
lesions predictive of responsiveness had not been elucidated until recently. Whole-genome
sequencing on 22 MMRd tumors undergoing ICB therapy identified that increasing
“POLEness” scores (tumors sharing mutation signatures associated with POLE-mutant
cancers) were associated with increased responsiveness to ICB. Interestingly, no such
associate was seen with “MMRdness,” although this was likely due to all patients in the
cohort being MMRd, thus complicating the statistical analysis. This was the first mutational
signature distinguishing ICB responders from non-responders and demonstrates that further
investigation may be fruitful with eventual transition into peripheral-blood based assays!>2.
A larger study evaluated 458 patients across numerous tumor types who harbored POLE
mutations, with 121 patients having received a form of ICB. Patients who had received an
ICB-only regimen (N=82) and had pathogenic POLE mutations demonstrated an improved
median PFS of 15.1 vs 2.5 months (p<0.001) among those with benign POLE mutations.
Additionally, those with pathogenic mutations had a median OS of 29.5 vs 6.8 months
(P<0.001) among those with benign POLE mutations. The number of co-mutations was not
associated with improved response to ICB, suggesting that a factor intrinsic to the POLE
mutational profile sensitizes tumors to immunotherapy13,
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Many tumors demonstrate a high TMB phenotype yet often respond poorly to 10 treatment
strategies. For example, KRAS-mutant NSCLC commonly contains loss-of-function
mutations in STK11 (also called LKB1), termed KL-tumors. The loss of STK11/LKB1 is
strongly associated loss of PD-L1 and downregulation of STING through hyperactivation of
DNMT1 and EZH2 with subsequent epigenetic silencing. This leads to diminished cytosolic
dsDNA sensing and diminished immune activation through pIRF3 signaling; an effect
which is abrogated upon LKBL1 reconstitution. This work suggests that decreased STING
expression through loss-of-function mutations in STK11/LKBL1 is a putative resistance
mechanism to 10 therapies'®*. The growing appreciation for STING’s importance in
immune-mediated therapies has led to the development of multiple STING agonists which
are currently being evaluated in clinical trials1>®.

Summary and Future Directions:

Targeted DDRI drives cancer cell death by overwhelming cellular DNA damage responses.
DDRI agents have shown greatest efficacy in a pan-cancer class of tumors harboring
inactivating genetic alterations in DNA repair genes. New studies are extending these
seminal discoveries by demonstrating that targeted DDRi agents have activity in tumors
without known DNA repair defects. Beyond promoting tumor intrinsic cell death, extensive
studies have shown that DDRI generates robust anti-tumor immune responses by engaging
both the innate and adaptive immune system. These data have laid the groundwork for
numerous ongoing clinical trials combining DDRI agents with immune checkpoint inhibitors
targeting PD-1, PD-L1, and CTLA-4. Next generation therapies such as BiTEs, CAR-Ts,
and TCR-Ts are generating promising results and offer new avenues to combine DDRi and
immunotherapy for increased tumor control. Moving forward, rationally designed DDRi
and immunotherapy combinations, along with application of emerging biomarkers, will help
improve outcomes for patients with aggressive cancers.

There remain many limitations to DDRI-10 strategies and much is unknown regarding
resistance mechanisms to these combinations. As novel therapies continue to progress

into clinical trials, it is imperative that the field of cancer medicine adapts to subsequent
novel resistance mechanisms. This will require maximally leveraging our current analytic
modalities like whole-exome sequencing, single-cell RNAseq, tumor micro-environment
profiling, and other tools; but it will also require re-evaluating the use of existing adjuvant
modalities like radiation therapy in this new context. For example, ATR inhibition has

been shown to significantly potentiate the STING pathway agonism caused by ionizing
radiation through cGAS/STING in cell line models#’. Novel delivery methods like antibody-
conjugated radionucleotides are another example of this concept being well executed. Most
trials that set the standards of radiation therapy preceded the immuno-oncology era, and it
is well know that radiation induces immune responses, warranting further analysis. Several
questions still exist about how to best leverage and build upon our existing knowledge (Box
1) and we are optimistic that future studies will continue to be fruitful.

The predecessors of immunotherapy, including chemotherapy and targeted therapy, were
founded on initial groundbreaking discoveries followed by gradual incremental successes.
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Immunotherapy has followed this paradigm as well, but there remains a seemingly

endless number of potential adaptations to existing and novel immuno-oncologic strategies.
Harnessing the immunologic effects of increased DNA damage demonstrates one promising
peak amidst a cascade of what will surely be greater peaks to come.
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Box 1
Outstanding Questions

Why do many tumors that demonstrate increased genomic instability respond poorly to
10 or targeted DDRI?

Newer DDRi agents are being tested/under development (POLQI, etc.), do they work in
the clinic? How can we use them to pair with 10? Do they have a similar or different
mechanism of action for engaging the immune system?

With numerous options for 10 strategies (PD-L1/PD-1, CTLA-4, LAG-3/TIGIT, CAR
T-cells, TCR T-cells, BiTEs, etc.), how do we prioritize clinical trials?

What are tumor-specific and tumor-agnostic non-germline genetic biomarkers
(mutational signatures, copy number signatures) of response for DDRIi or 10 strategies?

What effect may the microbiome have on DDRI/IO sensitivity?

How should we integrate radiation therapy with these strategies?
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Figure 1: DDRi overwhelms cellular DNA damage responses and induces cancer cell death.
Targeted DDRI agents inactivate key DNA repair pathways, causing accumulation of

double-stranded DNA breaks. This double-stranded DNA break accumulation, combined
with increased dependence on error-prone repair mechanisms, overwhelms cellular damage
tolerance and promotes cancer cell death.
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Figure 2: DDRIi-induced cancer cell death activates dendritic cells and promotes T-cell mediated
anti-tumor responses.

DDRi induces cancer cell death. While cancer cells can die through multiple cellular
mechanisms, cell death is mainly characterized as “programmed” or “immunogenic.” Here,
programmed cell death refers to a process where cells die, but cell membranes remain intact.
Immunogenic cell death, on the other hand, occurs when cells die and their membranes
rupture, spilling cellular contents into the tumor microenvironment. During this process,
tumor neoantigens and danger associated molecular patterns (DAMPS) are released. Tumor
resident dendritic cells are in turn activated by DAMP release and take up released
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neoantigens. Once activated, dendritic cells present tumor neoantigens to CD4 and CD8
T-cells, generating tumor-specific adaptive immune responses. Importantly, programmed cell
death can also generate T-cell responses via dendritic cell activation. Here, dead cells are
phagocytosed by dendritic cells. These dendritic cells then display tumor neoantigens to
CD4 and CD8 T-cells, promating their activation.
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Figure 3: DDRi-induced DNA damage generates cytosolic DNA and activates the cGAS/STING
pathway.

A) DDRI agents promote DNA damage accumulation in surviving cancer cell populations.
Specifically, DDRi promotes double-stranded DNA break accumulation and replication
stress. Once formed, double-stranded DNA breaks are often resected in order to initiate
repair. Increased DNA resection activity generates excessive double-stranded DNA
production and cytosolic DNA accumulation. Furthermore, double-strand breaks that are
poorly repaired can promote micronuclei accumulation via chromosomal missegregation.
When present, micronuclei also activate the cGAS-STING pathway.
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B) Cytosolic DNA is sensed by the cGAS-STING pathway. Once bound to dSDNA, cGAS
becomes activated and produces cGAMP. cGAMP production in turn activates STING.
Activated STING initiates an inflammatory transcriptional program marked by production
of Type | IFNs and other cytokines. These cytokines are then secreted into the tumor
microenvironment.
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Figure 4: DDRi promotes cGAS/STING signaling, engaging both adaptive and innate anti-tumor

immune responses.

A) DDRI induced cytosolic DNA activates the cGAS/STING pathway. Activate STING
initiates transcription of Type | IFNs and other inflammatory cytokines. These cytokines are
secreted into the tumor microenvironment where they help recruit and activate anti-tumor
T-cells. B) Additionally, cGAS-STING signaling drives NKG2D stress ligand display on the
surface of cancer cells. When displayed, these ligands help tumor resident NK cells bind to
and kill cancer cells. Thus, cGAS-STING signaling helps engage both adaptive and intrinsic

anti-tumor immune responses.
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Figure 5: Existing and Novel Immuno-Oncology Strategies.
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A) Tumors cells often upregulate inhibitor ligands like PD-L1 to suppress T-cell killing.
B) Inhibitory ligand receptor-blocking antibodies, like anti-PD-L1 antibodies, promote

immune cell activation and cell death. C) Bi-specific T-cell

engager molecules (BIiTEs)

simultaneously bind a target (CD19 on B-cells for example) and effector cells (typically
CD3 on T-cells) promoting co-localization and subsequent activation of tumor-targeting
T-cells. D) Cancer-specific T-cells, either harvested and expanded or engineered (TCR
T-cells), target tumor-associated antigens using a natural T-cell receptor reacting to antigenic
peptides presented on MHC molecules. E) Chimeric antigen receptor (CAR) T-cells contain
extracellular protein-specific (CD19 and BCMA for example) antibody-based extracellular
domains which activate intracellular T-cell domains upon ligand binding.
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